Abstract-A novel optical current sensor based on microfiber knot resonator (MKR) with magnetic fluid (MF) as cladding is proposed and demonstrated in this paper. The operating principles, package technique and mounting method of the proposed sensor are introduced in detail. Moreover, the performances of the proposed sensor are demonstrated experimentally by detecting sinusoidal current with 50Hz and pulse current signals with rising time of 2.5μs respectively. The results have shown that the relationship between the sensor responding and the applied current intensity is approximately linear and the minimal detectable current is 10 Amps with SNR (Signal-to-noise ratio) as 3.
INTRODUCTION
Optical fiber current sensors have been widely applied in many industrial areas owing to their advantages such as lightweight, compact size, immunity to electromagnetic interference, and good electric insulation [1, 2] . Faraday effects based all-fiber current sensors are among the most typical ones [3, 4] . They are based on the Faraday rotation of the polarization direction as the light in the fiber propagates across the magnetic field generated by the applied current. However, the intrinsic birefringence in the sensing fiber and the additional birefringence caused by environmental temperature and stress can severely change the polarization state of the propagating light, which may yield great errors and instabilities in measurement results [5, 6] . Besides, the Verdet constant of silica fiber is extremely small, thus inducing relatively lower current sensitivity of Faraday effects based field sensors. This is one of the bottleneck problem encountered by the Faraday effects based sensors.
In our previous work, we have reported an all-fiber magnetic field sensor based on microfiber knot resonator (MKR) with magnetic fluid (MF) as cladding [7] . In the structure of the proposed sensor, MF exhibits magnetic field-dependent refractive index, which will lead to the resonance spectra of MKR shifting. According to this phenomenon, a novel magnetic field sensor has been successfully developed. Owing to that MF does not suffer additional birefringence caused by environmental temperature and stress, the proposed sensor offers high reliability and high accuracy.
In this paper, the novel magnetic field sensing mechanism is exploited for current sensing. The construction and principle of the proposed structure are illustrated in detail. Moreover, the performances of the proposed sensor are experimentally demonstrated by detecting the sinusoidal current with 50 Hz and pulse current with rising time of 2.5μs respectively.
II. THE SENSOR CONSTRUCTION AND PRINCIPLES

A. Construction of the sensor
The construction of the proposed current sensor is shown in Fig.1 . A standard single-mode fiber was tapered to a microfiber with a desired diameter on a coupler fabrication rig (FSCW-4000). Then make a knot at the waist area of the tapered fiber carefully [8] . To protect the fabricated MKR from the optical degradation over time without sacrificing its evanescent wave interaction, a dip-coating method was adopted to coat the MKR. Teflon (DuPont 601S1-100-6) was chosen as the coating material owing to that it has an extremely low refractive index at 1550nm (n ~1.31) which can avoid light energy radiation. Also, the lower viscosity of Teflon allows to dip ultrathin coatings in the submicron thickness range. By dipping the MKR into Teflon and rapidly withdrawing it, Teflon would be attached to the MKR and form a thin and uniform film surrounding to it. The microfiber diameters of MKR before and after being coated with Teflon were measured to be approximately 2.92µm and 3.95µm, respectively, under a scanning electron microscope. Thus the Teflon coating thickness was estimated to be around 0.5µm. Finally, place the coated MKR on the surface of an MgF2 crystal with refractive index of 1.37, and insert them into a small glass cell that was filled with magnetic fluid (EMG605, Ferrotec). By solving the coupled-mode equations, the transmission property of light propagating along the MKRs can be deduced and the resonance wavelength of the MKRs can be expressed as
where λres, neff, and L are the resonance wavelength, the effective refractive index, and knot length respectively. m represents the resonance order. From (1), it is obvious that the resonance wavelength λres changes with neff.
Magnetic fluid (MF) is a kind of highly stable colloidal material with single-domain ferromagnetic nanoparticles dispersing evenly in a suitable carrier liquid [9] . It was reported that under an external magnetic field, ferromagnetic particles in MF might undergo agglomerating or dispersing process, which would enable the refractive index of MF to be magnetic field tunable [10] . When the MKR is clad with MF, as shown in the proposed sensing structure, the optical evanescent wave of the MKR may permeate into the MF. In this case, variations in the refractive index of MF under the external magnetic fields generated by the detected current will change the effective refractive index of the propagating mode guided along the MKR, i.e., neff in (1), therefore a shift in the resonance wavelength of MKRs, λres.
The relationship between the shift in the resonance wavelength of MKRs, ∆λres, and the change in the refractive index of MF, ∆nMF, can be calculated by taking the derivative of (1) and results in: As shown in Fig.2 , the sensor is mounted at a distance r away from the current-carrying conductor. According to the Ampère's circuital law, the magnetic flux density produced by the current flowing through the conductive wire at the position of the sensor is given by:
where µ0 is the vacuum permeability, µr is the relative permeability of MF, and I is the amplitude of the detected current.
The sensor is oriented with its plane parallel to the conductive wire thereby ensuring that the generated magnetic field is normal to the propagation direction of light across MF. In this case, the change in the refractive index of MF induced by the magnetic field can be expressed as:
where η is the magneto-optic coefficient of MF, and B is the applied magnetization flux density.
By use of (2) ~ (4), we can relate the change in the resonance wavelength to the amplitude of the detected current:
III. EXPERIMENTS AND ANALYSIS
A. Experimental Set-up As illustrated above, the applied current can be measured by monitoring the shift of resonance spectrum of the sensor. But this usually requires a complex spectrum measurement set-up. Further, the spectrum measurement speed are generally too low to capture a faster change of resonance spectrum. In order to interrogate the pulse current signals, the change in spectrum is translated into an intensity modulation in our works. The details of the intensity detection principle have been discussed in our previous report [11] . The experimental set-up is shown in Fig.3 . The light from a wavelength tunable laser (Santec STL-510) was coupled into the sensor. The output optical power that was modulated by the applied current was converted into electric signal by a photodetector (PD), and then amplified by a current preamplifier (SR 570). The outputs of the amplifier were monitored by an oscilloscope (TDS 2024B). The detected alternating and pulsing currents come from a high-power voltage source and a pulsed current generation system, respectively.
B. The Property of the System in Sensing Alternating Current 1) Decision of the Mounting Distance of the Sensor
In our previous work, we have investigated the magnetic field response of the proposed sensor [7] . The results showed that when the applied magnetic field strength was lower than 0.022T, the resonance wavelength of the sensor shifted linearly with the variations of the applied magnetic field. But the change of resonance wavelength tended to be saturated gradually when the magnetic-field strength increased to be larger than 0.022T. This implied that the maximum detectable magnetic field of the proposed sensor was around 0.022T. However, the maximum detectable current intensity can be very large. This is because the magnetic field at the field point surrounding the current-carrying wire is dependent on the distance away from the wire, as indicated in (3) . Increasing the mounting distance of the proposed sensor can decrease the field strength at the sensor point. In this way, the sensor can be controlled to always work in the linear region. However, if the mounting distance is too large, the field strength may be too small to be detected by the proposed sensor, inducing a greatly reduced sensitivity. Therefore, an optimal value of the mounting distance should be decided in theory to achieve a current sensing system with wide detectable range and high sensitivity.
The optimal value of the mounting distance of the sensor away from the current-carrying wire, ro, can be obtained by taking the form:
where Bs is the saturation magnetization of the propose sensor and its value is 0.022T, and Imax is the maximum intensity of the detected current. At the optimal position, the maximum field strength is exactly the critical saturation point of the propose sensor. In this way, the sensor saturation phenomenon will not occur and at the same time a higher sensitivity can be achieved.
In our experiments, considering that the employed highpower voltage source could supply a maximum alternating current of 2000 Amps, the optimal mounting distance of the sensor away from the current-carrying wire was decided to be around 12cm from (6). 2) The Sensor Response to Alternating Current Adjusting the magnitudes of the supply voltage source, 50Hz alternating currents with different intensity are applied to the fabricated sensor, and the sensor responding is monitored and shown in Fig.4 . It can be observed from Fig.4 that the responding waveforms of the sensor are the positive half wave of the alternating waveform. This phenomenon can be explained by the fact that the changes of refractive index of MF are insensitive to the generated magnetic field directions. Figure 5 further shows the dependence of the amplitude of the sensor responding waveforms on the applied alternating current. From this figure, we can find that the relationships between the amplitude of the sensor response and the externally applied current intensity are approximately linear, and no saturation phenomenon is observed in the sensor response. The minimal detectable current intensity is demonstrated to be 10 Amps when the ratio of signal to noise is 3 (SNR ~ 3). C. The Sensor Response to pulse current To further investigate the performance of the fabricated sensor, the sensor was tested by use of a pulse current signal with duration and rising time of 50μs and 2.5μs respectively. Comparison of the sensor response signals and the applied original ones was shown in Fig.6 , whereas the sensor response waveforms to pulse current of various amplitudes were recorded and shown in Fig.7 . Both Fig.6 and Fig.7 show that the sensor has good performance in capturing pulse signals, which indicates that the sensor has a frequency response with a wide dynamic range. The maximum detectable frequency of the proposed current sensor is determined by the magnetic response time of MF. When the generated magnetic field strength increases or decreases, the magnetic nanoparticles in MF will undergo Brownian and Neel rotation process to finally achieve a stable agglomeration or dispersion state. Generally, the rotational relaxation time is in the order of 0.01~0.1µs for the magnetic particles with the diameter of around 10nm [12] . Accordingly, the frequency response speed of the proposed sensor is estimated to reach the order of MHz.
IV. CONSLUSION
A novel current sensor based on MKR with MF as cladding is proposed and demonstrated in our paper. The performances of the proposed sensor are experimentally demonstrated by detecting sinusoidal current with 50 Hz and pulse current signal with rising time of 2.5μs respectively. The experimental results show that the sensor response changes linearly with the applied sinusoidal current and the minimal detectable electric field intensity is 10 Amps. The performances of sensor in capturing the pulse signals demonstrated that the sensor has a frequency response with a wide dynamic range. To further improve the detectable current intensity range of the sensor by increasing the saturation magnetization of MF is our future work.
